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Summary 

The  design of NBS-5 is discussed in detail  in- 
cluding its relation  to  previous NBS p r imary   ce s ium 
beam  frequency  standards.  The  application of pulsed 
microwave  excitation,  and  the  use  in  the  accuracy 
evaluation of frequency  shifts  due  to known changes 
in  the  excit ing  microwave  power  are  discussed.  Signi- 
f icant  changes  in  the  measured  atomic  velocity  distri-  
bution  with  the  beam  alignment  are  reported  and  com- 
pared  with  measured  Ramsey  pat terns .   Stabi l i t ies   of  
3 x for  one-day  averaging  are  reported and  data 
on  accuracy  are   given.   Prel iminary  resul ts   g ive  an 
evaluated  accuracy of 2 X with  indications  that 
this  figure  may be improved  in  the  future. 

The  bias-orrected  frequency of NBS-5 ag rees  
to  within 1 X with  the  value  obtained  with  NBS-III 
i n  1969 which is preserved  in   the  ra te  of the NBS Atom- 
ic   Time  Scale .  

Key  words:  Cesium  beam  standard,  Doppler 
effect ,   Frequency  accuracy,  Frequency  stabil i ty,  
Power  shift ,   Primary  frequency  standard.  

Introduction 

A primary  cesium  beam  frequency  standard 
serves  to  realize  the  unit  of t ime  interval,   the  second, 
in  accordance  with  the  international  definition  as 
formulated  at  the XIII General  Conference  on  Weights 
and  Measures  in 1967: "The  second  is  the  duration 
of 9 l92  631 770 periods of the  radiation  correspond- 
ing  to  the  transition  between  the two hyperfine  levels 
of the  ground  state of the  cesium-l33  atom".  The 
realization of an  output  frequency  from a real   device 
involves   several   s teps  of physical  and  technical  pro- 
cessing  which  may  cause  frequency  deviations of the 
output  frequency  from  the  atomic  unperturbed  transi- 
tion  frequency.  The  magnitude of each  such  bias  can 
be  evaluated  with  the  aid of experiments  and of theore t -  
ical   considerations.   However,   these  biases  are  not 
known  to  infinite  certainty.  The  magnitude of these 
uncertainties  depends  on  the  degree of theoretical  
understanding  as   wel l   as   on  the  precis ion  with  which 
experimental   parameters   can be measured .   This  
precision  depends  on two things.  One  is  the  design 
and  construction of the  cesium  beam  tube  and  elec- 
t r m i c s  Of the   p r imary   f requency   s tandard   as   wel l   as  . 
on  the  frequency  stabil i ty of the  reference  frequency 
standard  used in the  evaluation  of  the  primary  stand- 
ard.  The  combined  uncertainty of all b iases  is r e f -  
fe r red   to  as the  accuracy of the  frequency  standard. 

Since  the first atomic  clock  was  realized  as  an 
ammonia  frequency  standard by Harold  Lyons  at NBS 

in  1948 l ,  several   cesium  based  pr imary  f requency 

standards  have  operated at NBS. Standarddldalled 
NBS-I, NBS-11, and  NBS-III  served  successively  as 

frequency  standards  during  the  1950's  and ~ ~ L ~ l Y ~ ~  3. NBS-m,  our  previous  operating  frequency 
standard,   was  evaluated  in  l969  to  an  accuracy of 5 
par ts   in  1013. 3 

The  experience  gained  with NBS-111 indicated 
that  the  main  limitations  for  accuracy,  in  addition  to 
significant  electronics  problems,  were  the  magnetic 
field--in  particular  its  homogeneity  and  stability--the 
second-order  Doppler  effect,  and  the  cavity  phase  dif- 
ference  ( large  for NBS-III). Therefore  the  design  and 
construction of a new primary  cesium  beam  frequency 
standard  with  the  designation  NBS-5  was  initiated  with 
features  incorporated  to  significantly  reduce  the  above- 
mentioned  limitations.(l)  The  instrument  was  designed 
to  achieve a frequency  accuracy of 1 par t  in 1013. T O  

facil i tate  accuracy  evaluations,   the  design  also  aimed 
at greatly  increasing  the  frequency  stabil i ty  which is 
basically  given by the  available  atomic  beam  intensity 
and  the  resonance  line Q. The  stability  for 1 hour 
sampling  t ime of NBS-LII was  2 pa r t s   i n   The  
NBS-5  design  aimed  at  improving  this  value by at 
least   one  order  of magnitude,  thus  allowing  meas- 
urement  precisions  approaching  within 1 
hour. NBS-5 was  put  into  operation  during  the 
l a t t e r   pa r t  of 1972,  and  has  undergone  several 
phases of accuracv  eval11at.ion. 

The  NBS-5  System 

A photographic  view of NRS-5  with all e lec t ronics  
is depicted  in F i g .  1. For   comparison,  a photograph 
of  NBS-111 is shown  in  Fig, 2. The  complete  NBS-5 
system  has a length of about 6 m overall.   The  vacuum 
sys tem is basically a s ta inless   s teel   tube,   25  cm  in  
diameter,   and  is   evacuated by three  200 f i l s  ion  pumps 
which  can be closed off with  valves  for  servicing. 

F igure  3 gives a schematic  view  and a comparison 
of  the  beam  alignments  in  NBS-5  and NBS-LII. In con- 
t r a s t  to the NBS-I11 design, a beam  stop at the  exit of 
the  f irst   NBS-5  magnet  is   used  to  reduce  background 
due  to fast atoms  reaching  the  detector  along  the  line 
of sight.  This  location  for  the  beam  stop  gives  both 
maximum  filtering of fast atoms  with  minimal  effect  
on  slower  atoms and minimum  cesium  deposit ion  on 

( l )  Another  cesium  beam  frequency  standard  with  the 
designation  NBS-X4  was  also  constructed  in  cooperation 
with  Hewlett-Packard  Company.  This  device,  however, 
was  not  originally  designed  to  be  used  as a p r imary  
cesium  beam  frequency  standard.  New techniques,  how- 
ever,  coupled  with its expected  high  stability,  should  per- 
mi t  its use   as   an   accura te   s tandard .  9* lo NBS-X4  will 
likely  be of great  use  to  measurements  involving  both 
the NBS Atomic  Time  Scale  and  the  evaluation of NBS-5. 
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the  inner  walls  of  the  cavity.  Such  deposition  can  lead 
to  variable  phase  difference  between  the  interaction 
regions  and  to  attendant  frequency  fluctuations3. 
A l s o  indicated  in F i g .  3 a r e   t h e  two  limiting  trajec- 
t o r i e s  of the  highest  and  lowest  velocities  which  suc- 
cessfully  reach  the  detector.   The  trajectories  shown 
originate  from  collimator  channels  along  one  edge of 
the  collimator  assembly. In the  drawing, it is a s -  
sumed  that  transitions  are  induced  in  the  cavity  region 
which  cause a change of s ta te   in  all the  atoms.  The 
f igure  gives   the  t ra jector ies  of useful ( 2 )  atoms  leaving 
the  oven  on  only  one of the two atomic  states  which 
participate  in  the  transit ion.   The  other  state  is   also 
uti l ized  and  has  corresponding  trajectories,   start ing 
below  the  optical  axis of Fig. 3 ,  and  then  crossing 
over   a t   the   cen ter   aper ture  of the  tube.  The  center 
aper ture   thus  is   reasonably  wel l   located  a t   the  
c ros sove r  of the   t ra jec tor ies  of all velocit ies  for 
the two states.  

The  cavity  and  magnetic  shield  structures  are 
shown  schematically  in  Fig. 4. The  basic  C-field 
design is similar  to  that  of NBS-X4 and is attributable 
to  and  patented by Lacey  et  al. , Hewlett-Packard Co. 4. 
The  cavity  and  magnetic  shields  are  Iocated  inside of 
the  vacuum  system  in   order   to   assure   mechanical  
stabil i ty  and  to  prevent  thermal  effects.   The  length of 
the  Ramsey-type  cavity is 3. 74 m. One of the  most  
c r i t i ca l   pa rame te r s  of the  beam  tube  is   the  phase d i f -  
ference  between  the two interaction  regions  of  the  cavity. 
For   the first t ime at NBS, th i s   parameter   was   care-  
fully  tr immed  before  assembly  of  the tube.  The  trim- 
ming  was  done  by  separate  measurements of the  cavity 
components:interaction  regions,   arms,  and  E-plane 
tee.  The  testing  and  further  corrective  actions  con- 
tinued  during  the  assembly of these  cavity  components. 
The  electrically  measured  cavity  phase  difference  was 
less   than 1 mrad   a t   the   t ime of final  assembly.  This 
phase  difference  has  not  been  adjusted (and  indeed  can- 
not  be  adjusted)  since  the  assembly  of NBS-5. 

The  magnetic  shield  package  consists of th ree  
separate  magnetic  shields:  two of a box-like  structure 
containing  the  microwave  cavity;  the  third  outer  shield 
of a cylindrical  design.  The  shields,  microwave  cavity, 
and  vacuum  system  are   a l l   e lectr ical ly   insulated  f rom 
one  another  except  at   the  center of the  beam  tube  where 
all a re   jo ined  at one  point  which is  the  system  ground. 
F igure  5 depicts a photographic  view  of  the  structures 
before  assembly.  The  typical  operating  field  is  about 
6 0  mil l i -oers ted,   and a field  homogeneity of better  than 
1%  peak-to-peak  along  the  tube  axis  was  measured  with 
a field  probe  after  assembly. 

The  deflection  magnets  are  shown in Fig. 6. They 
have a length of 35  cm  and a gap of 1. 2 cm  (measured 
at   the  center).   The  pole-tip  configuration  reproduces 
a two-wire  field,  and  the  peak  field  strength at the 
pole  tip is about 9. 3 kG. Tr immers   a r e   l oca t ed  on 
the  cavity  side  of  the  magnets  and  are  carefully 
adjusted  to   assure  a smooth  transit ion  ( in  strength 
as   wel l   as   or ientat ion)   f rom  the  high  magnet ic   f ie ld  
of the  magnet  through  the  magnetic  shield  end  caps 

( 2 )  Useful  atoms  are  those  which  both  undergo  the 
(F=4,  mF=O) (F=3, mF = 0 )  transit ion  and  reach 
the  detector. 

into  the  shielded  cavity  region,  thus  avoiding  Majorana 
effects.   The  beam  tube  permits  an  atomic  beam to 
traverse  the  path  through  the  cavity in either  direction. 
Each  end of the  beam  tube is equipped  therefore  with  both 
identical  magnets  and  oven-detector  combinations.  For 
beam  reversal  the  beam  stop,  shown  in  Fig. 3 ,  can  be 
withdrawn  and a second  beam  stop  can  be  inserted  at 
the  other  magnet.  This  capability of beam  reversa l  
was  introduced  in   order   to   provide  the  system  with  an 
additional  measurement  capabj-lity of the  cavity  phase 
difference  bias:  the  frequency  bias  changes  sign i f  the 
beam  traverses  the  cavity  in  the  opposite  direction. 
The  oven-detector  combination,  depicted  in  Fig. 7 ,  
is arranged  in   such a way  that  it   can  be  adjusted  in 
the  deflection  plane of the  atomic  beam,  perpendicular 
to  the  beam  axis;  in  addition,  the  oven  can be aimed 
independently  at  different  angles.  The  oven  can  acczpt 
ampules  f i l led  with 5 g o r   m o r e  of cesium  which  yield 
a projected  Iifetime of more  than a year  continuous 
operation.  The  collimator of the  oven  is   an  array of 
about 500 separate  channels  producing a beam  with a 
rectangular c ross  section of 2 m m  X 9 mm.  With  an 
oven  temperature of 100' C ,  the  projected  beam  in- 
tensity  at   the  detector  is   approximately IO8 a toms 
per  second.  The  detector  is a platinum  ribbon.  Be- 
cause of the  relatively  high  beam  intensity  and  the 
high  purity of the  platinum  ribbon  (total  background 
cu r ren t   i s  of the  order  of 0. l PA), no mass   spec -  
t rome te r  and  electron  multiplier  are  employed.  In- 
stead, a field  effect   transistor is mounted in close 
proximity  to  the  detector.  The  detector  signal is 
processed  in   low-noise   preamplif iers   external   to  
the  beam  tube. If one  end  operates  in  the  "oven" 
mode  the  detector i s  moved  aside;  however, i f  the  end 
is  used  in  i ts   "detector"  mode,  the  detpctor  can 
move in f ront  of the  oven  and,  at  the  same  time, d 

carbon  getter  plate  baffles  the  oven  collimator  (see 
Fig. 7 ) .  Lowering  the  oven  temperature  to  approxi- 
mately  room  temperature   a t   th is  end a l so   reduces   i t s  
output. 

The  microwave  signal is obtained f rom a c rys t a l  
osci l la tor   a t  a basic  frequency of 5, 006, 880 Hz,  a sub- 
harmonic of the  cesium  transition  frequency. A s  
shown in Fig.  8 ,  an  associated low noise  multiplier 
chain  which  drives a step  recovery  diode  produces a 
signal  at   the  cesium  atom  resonance  frequency  with 
a power of up  to 20 m W .  The  older  klystron  and 
primary  loop  phase-lock  systems  have now been 
eliminated,  and all s y s t e m s   a r e  now redesigned  with 
solid  state  components.  Pha.se  noise  measurements 
for   these  new multiplier  systems  are  shown  in  Fig.  3 
of Ref. 3 .  A sinusoidal  frequency  modulation  can be 
applied  with a fundamental  frequency of 18. 7 5  Hz. 
This  modulation  is   generated  with  second-harmonic 
suppression of better  than  100  dB.  The  modulation 
reappears   in   the  beam  current   a t   the   detector ,  is 
amplified,   phase  detected,   and  processed in two 
cascaded  integrators  and  used  to  servo-control  the 
crystal   oscil lator.   (The  original  idea  and  design 
for  the  double  integrator  was first proposed  by 
Cutler  at  Hewlett-Packard C O . ~ .  ) The 5, 006 ,  880 
Hz crystal   oscil lator  frequency is also  separately 
synthesized to a standard 5 MHz frequency.  This 
signal  is   used  for  evaluative  and  stabil i ty  measure- 
ments,  and  for  time  scale  calibrations. 
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Preliminary  Experimental   Results 
(Status  May  1973) 

After a preliminary  beam  alignment,   the 
(F = 4, m F  = O)+F = 3 ,  mF = 0) transit ion 
was  observed  with  peak-to-valley  amplitude  of 
4 PA. Since  the  atomic  velocities  are  determined 
by the  beam  optics  and  the  beam  alignment,   l ine- 
widths of 25  to  45 Hz were  measured  depending on 
the  alignment.  The  signal-to-noise  ratio  was a l s o  
measured  and  f rom  this ,  by Lacey's  method6,  the 
frequency  stability  for 1 S sampling  t imes  was  calcu-  
lated  to be 4 pa r t s  in Our bes t   re fe rence  
sources  in s tabi l i ty   measurements   for   very  short  
t imes   were   c rys ta l   osc i l la tors ,   and   for   longer   t imes  
were  commercial   cesium  beam  frequency  s tandards.  
A plot of the  measured  square  root  of the  Allan 
variance  using  both of these   re fe rence   osc i l la tors  
is shown  in  Fig. 9 together  with  the  calculated 
stability of NBS-5. F igure  9 shows  that   we  were 
able  to  obtain  measurement  precisions in the  ac- 
curacy  evaluation of about 3 par t s  in 1014  for  sam- 
pling  times of l o 5  S. The  calculated,  shot  noise 
l imited  stabil i ty  is   better  than  the  measured  per- 
formance.  This is due  to  limitations  in  the  elec- 
tronics;  i. e . ,   due  to   noise   associated  with  the 
5,006,860 Hz quartz   crystal   osci l la tor .  In the  long- 
term  measurements ,   the   avai lable   commercial  
cesium  reference  was  a lso  l imit ing  the  measurement  
precision. 

At the  t ime of this  writ ing,   for  various  techni- 
cal   reasons,   we  have  not  yet   completed  beam  rever- 
sal experiments.  However,  we  have  experimentally 
established  that   in  the  "detector-mode" (with a n  
opened  Cs-ampule  in  the  oven)  the  background  cur- 
ren t  is only a fraction of a picoampere. 

The  following  report   on  accuracy  data is based 
on  two  other  evaluation  methods: 

(1) Power  shift   measurements 7-10 . This  
method is based  on  the  fact  that  the  effective  mean 
atom  velocity is a function of the  interrogating 
microwave  power.   To  use  this  method it is nec- 
ces sa ry  (a) to know the  velocity  distribution in the 
tube  (this  can  be  obtained  experimentally  from 
pulsed  operation  [see  below ] and  refined by match- 
ing a der ived  Ramsey  spectrum  with  the  experi-  
mentally  obtained  Ramsey  spectrum).  (b) to calcu- 
late  numerically  the  effective  mean  velocit ies at 
given  microwave  power  settings,  and  (c)  to  meas- 
ure  the  change  in  the  output  frequency by compar i -  
son  with a reference  s tandard  a t   d i f ferent   micro-  
wave  power  settings.  This  allows a calculation of the 
cavity  phase  difference  and  the  corresponding  fre- 
quency  bias. It must   be  ver i f ied  that   the   micro-  
wave  spectrum is of sufficient  purity so as not  to 
introduce  spectrum-related  power  shifts .  

(2) Pulse  method . This  method is 9, 10 

based  on  selecting  certain  velocit ies in the  beam by 
pulsing  the  microwave  power.  The  velocity  selection 
is based  on  the  t ime of flight  between  the  two  cavity 
interaction  regions.   This  method  also  allows a 
measurement  of absolute  microwave  power  levels 
in the  cavity  and  the  determination of the  velocity 
distribution. 

W i t h  methods 1 and 2 we  measured   the   b iases  
due  to  the  second-order  Doppler  effect  and  the  cavity 
phase  difference.  We have  monitored  these  values 
every  month  during  the first three  months of 1973. We 
could  not  find  any  change  in  the  cavity  phase  shift 
within  our   measurement   precis ion.   Our   resul ts   are  
tabulated  in  Table  1.  The  results  (bias  at  optimum 
power)  show a remarkable  consistency. If we p001 
all  power  shift  data,  we  obtain  for  the  bias at 
nominally  optimum  power  (sinusoidal  modulation  of 
21 Hz amplitude): 

(- 14. 5 f 1. 6) X 

This  pooling  assumes, of course,   that   NBS-5  para- 
meters   in   rea l i ty  did  not  change,  and  all  changes  in 
the  individual  data  are  random,  uncorrelated l1  
The  pulse   method  resul t   agrees   with  the  above  value  to  
within  the  uncertainty  estimates. In Table 2 we  l i s t ,  
together  with  the  above  value  (item 1 in  Table 2) ,  
all other known biases  and  bias  uncertainties.  No 
list ing  in  the  bias  column  indicates  that   the  most 
probable  bias  value  is   zero.  If all va lues   a r e   t r ea t ed  
as  uncorrelated  data, ,   the  combined  bias  uncertainty 
is 2 x (Square  root of the  sum of the  squares) .  

As was  mentioned  above,  the  velocity  distribu- 
tion of NBS-5  had  to  be known in   o rder   to   car ry   ou t  
the  accuracy  evaluation.  Figures 10 and  11  show 
two  velocity  distributions of NBS-5 for  different 
beam  alignments  measured  by  the  pulse  method 91 lo. 
The  normal,   on-axis  al ignment is depicted  in  Fig. 10. 
The  distribution  has a Maxwellian  characterist ic  with 
high  and  low  velocity  cutoffs.  The  alignment  was 
changed a few millimeters  to  an  off-axis  alignment 
of oven  and  detector,  producing a distribution as 
depicted  in  Fig. 11. The  low  velocity  cutoff is not 
much  different  from  the  one  in  Fig.  10;  however,  the 
distribution  shows two distinct  peaks. We in te rpre t  
these two peaks as  belonging  to  the two atomic  states 
which  are  used  in  the  tube.   For  an  on-axis  al ign- 
ment   the   t i i j ec tor ies  of the two s ta tes   a re   reasonably  
symmetr ic   with  respect   to   the  tube  axis   and  thus  con-  
tain  approximately  the  same  velocit ies.  In the  off- 
axis  al ignment  this  symmetry  is   no  longer  present;  
the  trajectories--   and  the  corresponding  velocity  cut-  
offs--  may be different  to a considerable  extent.  The 
two states  with  their  two  different  sets of t r a j ec to r i e s  
thus  contain  different  velocity  distributions,  and  Fig.  11 
is a composite of two  distinct  distributions. 

The  velocity  distribution is directly  reflected  in 
the  Ramsey  pat tern 7-10. F igure  12 shows a se t  of 
patterns  corresponding  to  the  velocity  distribution of 
Fig. 10. The  pat terns  at opt imum  power  as   wel l   as  
those  at  higher  and  lower  microwave  power  show a 
smooth,   s imilar   character is t ic .   The  major   differ-  
ences   a r e  a change  in  the  linewidth  (and  period of the 
pattern)  Corresponding  to  the  selection of lower 
velocities  at  low  power  and  higher  velocities  at  above 
optimum  power.  The  two-peak  distribution of Fig. 11  
is reflected  in  the  corresponding  Ramsey  patterns of 
Fig.  13  which  show,  in  particular  at  above  and  below 
optimum  power, a dis t inct   in terference  s t ructure   be-  
tween  two  patterns of different  period  due  to  the  two 
velocity  peaks. 
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Conclusions 

The  above  data  show  that  we  obtained  an  ac- 
curacy  evaluation  with  a  l-sigma  uncertainty of 

certainties  are  l ikely to be negligible as   compared  to  
the  reported  second-order  Doppler  and  cavity  phase - 
shift  bias  uncertainties.  The  results  reported  here 
ought  to be regarded  as  tentative,  preliminary  values, 
subject  to  later  verification  and/or  correction. For the 
future we  plan  to  understand  fully  the  beam  optics 
alignment and the  magnetic  field  properties of the 
beam  tube, In addition,  we  expect  to  compare  the 
computer  aided  beam  optics  design  with  actual  per- 
formance.  The  pulse  method  and  the  power  shift 
method  have  been  used  successfully  in  the  accuracy 
evaluation  and  we  would  like  to  emphasize  their 
potential  utility  in  cesium  beam  tubes of almost  any 
design.  However,  final  confirmation of the  data by 
successful  beam  reversal  experiments  remains  our 
objective. 

2 x We note  that  all  other  bias  un- 

Only after  all  these  tests  are  completed d o  w e  
feel  that  final  accuracy  figures  can  be  quoted for NBS-5. 
Further  improvements  in  accuracy  seem  l ikely  in view 
of new ideas  and  evaluative  methods  for NBS-5. and in 
view of the  beam  tube  performance  to  date. In addition, 
the  availability of an  accurate and very  stable  reference 
standard (i. e. , NBS-X4) is expected  to  facilitate  evalua- 
tion of NBS-5 and to  lead  to  further  improvements in 
accuracy. 

h conclusion,  it is interesting  to  note  that  the 
frequency  of  NBS-5,  with  the  bias  corrections of 
Tables 1 and 2 applied,  agrees  with  the  bias-corrected 
frequency of NBS-III3 during  the  summer of l969  to 
within 1 X as  seen  through  the NBS Atomic  Time 
Scale.11 

Also, at  the  t ime of this  writing,  the  agreement 
between  several  national  standards  as  compared  via 
the  International  Atomic  Time  Scale (TAI) is quite 
excellent  as  can be seen  from  Table 3 .  The  agree- 
ment  among  the  values of Table 3 is well  within  the 
individual  accuracy  claim of each  individual  meas- 
urement.  This is quite  satisfying  for  everybody 
involved  in  primary  frequency  standards  and  time 
scale  work. 

TABLE 1 
Results of Power Shift Measurements 

I relative to  

Date of 

optimum p o w e r  

pH 
P L 

I I  
1 2 - 1 5   F e b 7 3  t4 dB - 8 . h d B  

1 7 - 2 3  March t 4 . 5  dB -9 dB 

Result of pulLe method  measurr 

24  March - 
2 April 7 3  

pulse  Leriod 1 

measured 

?lH - VL 

- 3.46 x 10- 
1 

- 3 .  66 x 10- 
l 

m s  l 

uncertaint 

0 . 3  x 1 0 - 1  

0 . 3  x 10-1  

0 . 7  x 10-1  

1.2 x 10-1 

6 

0.71 mra 

0.  65 mra 

0 . 7 1  mra 

0 .55  mra 

bias  
v - 1 )  

C S  

- 1 5 . 6  x 10- 
(at t 4 dB) 

1 

- 1 5 . 4  x 10-1  
(at t 4 dB) 

- 1 5 . 4  x 10- 
1 

(at t 4. 5 dB) 

bias 
I t  nominal 
2ptimum 

power 

- 1 5 . 0  Y 1 0 - 1  

- 1 4 . 2  x 1 0 - 1  

- 1 5 . 0  x 1 0 - 1  

- 1 2 . 8  x 10-1  

b i d s  
unccr- 
tainty 

3 x l o - ’ ?  

2 x 

5 x 1 0 - l ;  

2 . 5 X 1 6 ”  



TABLE 2 

Preliminary  Accuracy  Budget  for NBS-5 

Influencing  Factors 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

2nd-order  Doppler  and  phase 
difference at nominal  optimum 
power;  source:  power  shift & 
pulse  method 

servo  system;  source:  some 
variation of servo  parameters 
and  calculations  based on 
measured  offsets  and loop gain 

magnetic  field;  source: 
mF z 0 transitions 

??L versus i 2 ;  source: 
mF * 0 transitions  and  mea- 
surements  during  assembly 
(no  correction is applied,  the 
bias is the  uncertainty) 

Majorana  transitions;  source: 
mF  z 0 transitions  and  mea- 
surements  during  assembly 

pulling of neighboring  lines; 
source:  m f 0 transitions F 
cavity  pulling;  source: 
worst   estimate 

rf spectrum;  source: 
spectrum  recording 

random  uncertainty ( l u  at  10 h) ;  
source:  stability  measurements 
against  other  cesium  standards 

Bias 

-14.5 X 1 0 - l ~  

3ias  Uncertaintv 
~~ 

1.6 X 10-13 

0. z X 10- l3  

0 . 4  X 1 0 - l ~  

3.05 X 1 0 - l ~  

3.02 X 1 0 - l ~  

0.1 X 10- l3  

0.4 x 1 0 - l ~  

CO. 4 X 1 0 - l ~  

TABLE 3 

Fractional  frequency  difference,  - A V  

between  the  International  Atomic  Time 

Scale  (TAI)  and  the  individual  standard 

v '  

A V  
7 7 -  

Standard 

NBS-LII (3) 

PTB-C s l  

NRC-Cs5 (*) . 

NBS-5 (3) 

(rounded) 

t 10 x 10-13 

t 12 X 10-13 

Reference 

3 

12 

13 

11 

Year 

1969 

1973 

1973 

1973 

')Includes  relativistic  frequency  correction  due  to  altitude. 

"This  value is based  on  the  frequency of CS 5 f rom  a   re la t ively 
short   comparison (12 days  in  February  1973)  between C S  3  and 
C S  5 (preliminary  evaluation) of NRC. The  relationship  between 
CS 3 and TA1 w a s  known  from  measurements  extending  over  many 
months. 
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Figure 2. View of NBS-III. Frequency  lock  electronic  systems  are 
not shown. 
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Figure  3. 

Beam  optics  comparisons of NBS-5 and NBS-III. Scales 
are   in   cm.   Cavi ty  and center slit aper tures   together  
with  the NBS-5 beam  stop  are  designated  by  vertical   l ines.  
The  magnet   gaps  are   represented by unclosed  rectangles,  
while  detectors  are  shown  by  closed  rectangles.   The 
coll imator for NBS-5 is a s e r i e s  of dots,  while  the 
uncollimated  source for NBS-III is an  unclosed  rectangle. 

View of the  microwave  cavity/magnetic  shield  package 
before final assembly.  The  cylinder  on  the left is the  outer 
shield, the box-like  structure  on  the  right  comprises  the 
two inner shields  and  contains  the  microwave  cavity. 

F igure  6 .  

View of one of the  dipole  magnets.  Gap-width 1. 2 cm. 
Pole   t ips   and  re turn  r ing  are   sof t  iron; magnet ic   dr ivers ,  
between  pole  t ips  and  return  r ing,are  alnico-5.  

F igure  4. 

Cross  section  scale  drawing of NBS-5  Beam  Tube. 
Dimensions  are  in inches.   The  cavity  structure,   aluminum 
support   s t ructure ,   and  magnet ic   shields   are  all electrically 
insulated  from  one  another  except  at   the  cavity  feed.  There 
they   a re  all joined  electrically  to  one  point  which is the 
system  ground.  The  baffle  shield  (and its windings)  serve 
to shield  the  beam  from  the  opening  through  which  the 
cavity  feed  passes.  The  baffle  shield  and its windings  are  Figure 7. 

molybdenum-permalloy  shield  and  windings  define  the  C-field the tube before final assembly. 
region of 427 c m  in length. 

7 6  cm in length*  The innermost View  of the  oven/detector  combination  of  both  ends  of 
The  system on the  left  

is adjusted  for  the  "oven-mode",  the  one  on  the  right  for 
the  "detector  -mode". 
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Figure 8. 

Block  diagram of the NBS-5 electronics  system. All 
components a re  now solid  state.  Phase  noise  measure- 
ments  for  the  frequency  multiplier  are  described in . 3 

V E L O C I T Y  G) 
Figure 10. 

Velocity  distribution of NBS-5; on-axis  alignment.  Measured 
by the  pulse  method 9,10; velocity window: approximately 10%. 

1 0 - 1 '  

0 N 8 5 - 5  Y I .  Q U A R T Z   C R V S T A L   O S C l L L A T O R  

a N B S - 5  v s .  C O l l M t R C l A L   C E S I U M   S T A N D A R D  
0 0  

0.  0 0  

l 1 0  102 10) I o4 

SAMPLE T I M E  7 1 5 )  

Figure 9. 

Measured and calculated  frequency  stability of NBS-5. N B S - 5  V E L O C l T V  D I S T R I B U T I O N  

O F F - A X I S   A L I G N M E N T  

Figure 11. 

Velocity  distribution of NBS-5; off-axis  alignment.  Measured 
by the  pulse  method 9, lo; velocity window: approximately 10%. 
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Figure 12. Ramsey  pattern  corresponding  to  Fig. 10 at  three  different 
power  settings (P - optimum  power).  Vertical and 
horizontal  scales  identical  for all three  curves.  Horizontal 
scale unit: 12 lIz/major  division;  recording  time  constant: 
1 S; sweep  speed:  lHz/s. 

opt- 

Figure 13. Ramsey  pattern  cornesponding  to Fig. 11 at  three  different 
power  settings (P - optimum  power).  Vertical and 
horizontal  scales  identical  for  all  three  curves.  Horizontal 
scale unit: 12 Hz/major  division;  recording  time  constant: 
1 S; sweep  speed:  1  Hz/s. 

opt- 
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